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Characterization of KIFC2,
a Neuronal Kinesin Superfamily Member in Mouse
David W. Hanlon,* Zhaohuai Yang, body to the synapse in an anterograde direction or from
the axon terminus to the cell body in a retrograde direc-and Lawrence S.B. Goldstein²
²Howard Hughes Medical Institute tion. Many of these functions are accomplished by mi-
crotubule-associated mechanochemical proteins.Division of Cellular and Molecular Medicine
Department of Pharmacology Kinesin is a microtubule-associated motor protein
that was initially identified from squid axons and hasUniversity of California, San Diego
La Jolla, California 92093±0683 since been observed in a variety of cell types (Scholey
et al., 1985; Vale et al., 1985a; Neighbors et al., 1988;
Saxton et al., 1988). Kinesin is one of several motor
proteins believed to transport material along microtu-Summary
bules toward the axon terminus in an anterograde direc-
tion. For example, antibodies to kinesin have beenMembers of the kinesin superfamily of microtubule-
shown to inhibit organelle transport in squid axoplasmassociated proteins are involved in a variety of intra-
(Brady et al., 1990)., and ligation of peripheral nervescellular processes including cell divisionand organelle
revealed that kinesin is associated with anterogradelytransport. In the case of axonal transport, all kinesin
moving membranous organelles within the axon (Dahl-superfamily members reported thus far appear to play
strom et al., 1991; Hirokawa et al., 1991). In Drosophila,a role in anterograde transport, while a different type
genetic analysis of the kinesin heavy chain has shownof microtubule motor, dynein, appears to function in
that kinesin is an essential protein required for normalretrograde transport. To better understand the role of
neural function (Saxton et al., 1991).kinesins in axonal transport, we cloned and character-
Recently, a number of genes related to kinesin haveized KIFC2, a novel kinesin superfamily member from
been identified and are also believed to participate inmouse brain. KIFC2 encodes a 792 amino acid protein,
axonal transport of organelles. For example, the unc-which contains the conserved motor domain at the
104 gene product from C. elegans and the related mouseC-terminal end of the protein and is most similar to
KIF1A protein are putative motors for the anterogrademembers of the KAR3 family involved in cell division.
translocation of synaptic vesicle components (Hall andHowever, expression analysis localized KIFC2 mRNA
Hedgecock, 1991; Okada et al., 1995). KLP68D fromto nonproliferative neuronal cells in the central ner-
Drosophila is expressed in the central and peripheralvous system, and immunolocalization studies demon-
nervous systems during embryogenesis and may playstrated that KIFC2 is present in axons and dendrites
a role in anterograde transport (Pesavento et al., 1994).of neurons in the central and peripheral nervous sys-
KIF3A and KIF3B from mouse are reported to form atems. Immunolocalization and biochemical fraction-
heterodimer for the anterograde transport of vesiclesation studies suggest that KIFC2 localizes with some,
(Kondo et al., 1994; Yamazaki et al., 1995).but not all, axonally transported organelles. Finally,
Although kinesin and several kinesin-related proteinsligation of mouse peripheralnerves showed that KIFC2
have been suggested to be motors for anterogradeaccumulates at the proximal and distal sides of an
transport, to date, only brain cytoplasmic dynein hasaxonal ligature. Taken together, the data suggest that,
been proposed to play a role in retrograde axonal trans-unlike other C-terminal motor proteins that appear to
port (Paschal and Vallee, 1987; Schnapp and Reese,be involved in cell division, KIFC2 may play a role in
1989; Schroer et al., 1989; Hirokawa et al., 1990). Here,retrograde axonal transport.
we report the cloning and characterization of KIFC2,
a novel C-terminal kinesin-related motor protein fromIntroduction
mouse, which is localized to neurons in the central and
peripheral nervous systems. Results obtained from im-Neurons are highly polarized cells that contain long ax-
munolocalization and biochemical fractionation studiesons and dendrites, which often extend distances that are
suggest that KIFC2 is associated with some but not allthousands of times greater than the cell body diameter.
vesicles within the axon and nerve terminus. In addition,Because the cell body is the primary siteof biosynthesis,
ligation of mouse peripheral nerves revealed that KIFC2a continuous flow of material must be transported long
accumulated at the proximal and distal regions of thedistances from the localized cell body to peripheral re-
ligated sciatic nerve. Hence, unlike other C-terminal mo-gions of the neuron. The movement of material along
tor proteins that appear to be involved in cell division,an axon has been shown to occur via one of two flow
KIFC2 is predicted to play a role in retrograde axonalrates (Grafstein and Forman, 1980): slow transport,
transport.which involves the movement of cytoskeletal compo-
nents, and fast transport, which is primarily associated
with the transport of vesicles and membrane-bound or- Results
ganelles. Fast axonal transport requires an asymmetric
microtubule network to transport material from the cell KIFC2 Encodes a Novel Murine Kinesin
Superfamily Member
Polymerase chain reaction (PCR) amplification of DNA*Present address: Oncogene Research Products, 84 Rogers Street,
Cambridge, MA 02142. from conserved sequences within the motor domain
Neuron
440
Figure 1. Sequence Analysis and Secondary Structure Predictions of KIFC2
(A) Predicted amino acid sequence of KIFC2. The conserved C-terminal motor domain spans amino acids 409±792. The consensus sequences
used to clone KIFC2 by degenerate oligonucleotide PCR are indicated by bold letters. The nucleotide sequence for KIFC2 is available from
EMBL±Genbank under accession number U92949.
(B) Protein sequence comparison between KIFC2 and the kinesin superfamily member KAR3. Diagonal dot matrix comparisons of KIFC2
protein sequence with KAR3 using the UWGCG programs COMPARE and DOTPLOT. Sequence similarity is limited to the conserved C-terminal
motor domain.
(C) Predicted secondary structure of KIFC2. The probability of forming an a-helical coiled-coil was calculated by the conventional algorithm
(Lupas et al., 1991).
(e.g., Stewart et al., 1991) was used to identify KIFC2 amino acid protein (Figure 1A). KIFC2 was most similar
to other members of the KAR3 family of kinesin-relatedsequences from a neonatal mouse brain cDNA library.
Nucleotide sequenceanalysis of the largest clone recov- proteins, which also contain the conserved motor do-
main at the C-terminal end of the protein (McDonaldered revealed the presence of a single open reading
frame of 2376 nucleotides encoding a predicted 792 and Goldstein, 1990; Meluh and Rose, 1990; Endow et
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al., 1990; Mitsui et al., 1993; O'Connell et al., 1993; Kuri- was observed using the control sense probe (Figure 2F).
yama et al., 1995). To date, all tested members of the Therefore, KIFC2 mRNA was localized to differentiated
KAR3 family have minus-end directed microtubule mo- neurons throughout the central nervous system.
tor activity (McDonald and Goldstein, 1990; Walker et
al., 1990; Endow et al., 1994; Kuriyama et al., 1995).
KIFC2 Protein LocalizationMultiple sequence alignment and diagonal dot matrix
and Tissue Distributioncomparisons (Figure 1B) show that KIFC2 homology
To further examine the role of KIFC2, two different anti-with KAR3 from S. cervisiae (Meluh and Rose, 1990),
sera were generated against a segment of the N-terminalKLPA from A. nidulans (O'Connell et al., 1993), and ncd
tail domain of KIFC2 (amino acids 119±409) to avoidfrom D. melanogaster (McDonald and Goldstein, 1990;
Endow et al., 1990) is primarily limited to the conserved possible cross-reactivity with conserved motor domains
C-terminal motor domain. Comparison of these kinesin- from other murine kinesin family members. Although
related proteins with KIFC2 indicate that KIFC2 is most affinity purification of the antisera using the original anti-
homologous to KLPA, sharing 38% identity within the gen yielded preparations showing some cross-reactivity
motor domain but only 21% identity within the stalk and against unrelated proteins, affinity purification on two
tail regions. Therefore, KIFC2 is related to KLPA but is different subsegments of the original antigen (amino
probably not the murine homolog. Similar identity is acids 119±217 or 211±296) yielded specific antibodies.
observed in protein comparisons with other reported The resulting four antibody preparations (two rabbit anti-
C-terminal motor proteins, including KatA from A. thali- sera affinity purified on two different fusion proteins)
ana (Mitsui et al., 1993), T09a5 from C. elegans (Wilson et recognized the KIFC2 recombinant protein expressed
al., 1994), and CHO2 identified from cultured mammalian in E. coli (data not shown) and also recognized a single
cells (Kuriyama et al., 1995). The central stalk domain 96 kDa band in Western blots of mouse brain extract
of KIFC2 was predicted to have a high a-helical content (Figure 3A; the faint 80 kDa band is almost certainly a
and a significant probability of forming a coiled-coil sec- proteolytic fragment since it only appears in some older
ondary structure within this domain (Figure 1C) (Lupas protein preparations that have been refrozen). The be-
et al., 1991), suggesting that native KIFC2 may form a havior of the 96 kDa band reasonably agrees with the
dimer via interactions within this region. Thus, sequence predicted molecular weight from the nucleotide se-
comparison and secondary structure predictions indi- quence (85,625) as well as Northern analysis of tissue
cate that KIFC2 contains a tail domain at the N-terminus, distribution. The four different antibody preparations all
followed by an a-helical coiled-coil stalk region and the give effectively the same behavior in Western blot, im-
motor domain at the C-terminus. munohistochemistry, and axonal ligation experiments
(see below).
KIFC2 mRNA Distribution To investigate whether KIFC2 isa microtubule-binding
Protein and secondary structure analysis demonstrated protein, a microtubule sedimentation assay was per-
that KIFC2 was most similar to other C-terminal, minus- formed from total brain extract (Yang et al., 1988). Al-
end directed, kinesin-related motor proteins, which all though substantial amounts of KIFC2 protein sedi-
have reported functions in mitosis and meiosis. Because
mented in the absence of substantial microtubule
KIFC2 had been identified from a neonatal brain cDNA
polymerization, sedimentation was clearly enriched
library, we were interested in localizing the expression
when microtubule polymerization was driven by adding
of KIFC2 to determine whether KIFC2, like these other
taxol and GTP (Figure 3B). The sedimentation behavior,C-terminal motor proteins, might be performing a func-
however, was not influenced by the addition of nucleo-tionally similar role in cell division, or whether KIFC2
tide, either ATP or the nonhydrolyzable analog AMP±was localized to nonproliferative neuronal cells where
PNP. The addition of 10 mM Mg21-ATP alone did notit might be performing other functions.
facilitate the release of KIFC2 from the microtubules.To analyze the tissue distribution of KIFC2, Northern
However, after the addition of 0.5 M NaCl alone or 0.5analysis was performed on various adult tissues reveal-
M NaCl in the presence of Mg21±ATP, z50%±70% ofing a brain-specific transcript of 3.4 kb (Figure 2A). Fur-
the KIFC2 protein was released (Figure 3B). The inabilitythermore, the developmental mRNA profile shows slight
of a motor protein to be released from microtubules inexpression in the nervous system at the embryonic and
the presence of ATP alone has been documented withearly postnatal stages of development (Figure 2B). The
other kinesin-related proteins (Sawin et al., 1992; Colehighest level of KIFC2 mRNA expression occurs in the
et al., 1994; Barton et al., 1995). A substantial effort wasadult brain. The tissue specificity and developmental
also made to demonstrate motor activity of the KIFC2mRNA expression results were also confirmed by RNase
protein. Numerous attempts to obtain in vitro motilityprotection experiments using a 430 bp riboprobe from
activity with recombinant protein were unsuccessful,the N-terminus of KIFC2 (data not shown). Reduced
however. Full-length and various truncated KIFC2 con-mRNA expression during embryonic stages of develop-
structs expressed in E. coli did not exhibit appreciablement where cells are actively dividing suggested that
ATPase activity or in vitro motility using standard assayKIFC2 was not involved in mitosis.
procedures (data not shown). It is likely that either appro-In situ hybridization was performed to further localize
priate purification conditions were not identified thattheexpression of KIFC2 in theadult brain (Figure 2C±2E).
maintain active KIFC2 protein or that a posttranslationalKIFC2 mRNA expression was found to be enriched
modification is necessary for the activation of recombi-within the cerebral cortex and CA1, CA2, and CA3 re-
nant KIFC2 protein.gions of the hippocampus. In the cerebellum, localiza-
The production of a KIFC2-specific antibody allowedtion of KIFC2 is particularly high in Purkinje cells sur-
rounding the granule layers. By comparison, no signal a more detailed examination of protein localization
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Figure 2. KIFC2 mRNA Expression Is Specific to the Nervous System
(A) Northern blot analysis of the KIFC2 transcript in adult mouse. A 3.4 kb transcript was detected only in brain. Ethidium bromide staining
of 28S ribosomal RNA is shown below as a control for integrity and loading of total RNA from all tissues.
(B) Developmental mRNA profile of KIFC2. RNA prepared from brain during embryonic (E14.5 and E16.5). and early postnatal (P1 and P5)
developmental stages show slight KIFC2 mRNA expression by Northern blot analysis. The mRNA level of a 21-day-old mouse (P21) is equivalent
to adult.
(C±F) In situ hybridization of KIFC2 mRNA in adult mouse brain.
(C) Coronal sections of cerebrum show strong KIFC2 mRNA expression in cortex (Cx) and CA1, CA2, and CA3 regions of the hippocampus.
KIFC2 mRNA was detected with antisense riboprobe and visualized by dark-field microscopy. Scale bar, 0.5 mm.
(D) KIFC2 mRNA is abundant in the granule layer (Gr) and surrounding Purkinje cells (Pu) in the cerebellum. The molecular layers (Mo) also
show KIFC2 mRNA localization. Scale bar, 0.5 mm.
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within the brain. Immunocytochemistry of transverse KIFC2 staining observed near the ligation was due to
brain sections within the central nervous system re- axonal accumulation, double-staining experiments were
vealed a pattern of protein localization similar to the performed with antibodies recognizing the axoplasmic
mRNA distribution with localization in the cortical, hip- phosphorylated neurofilament-H protein and a Schwann
pocampal, and cerebellar neurons (Figures 3C and 3D). cell protein S100b. Intense KIFC2 staining only colo-
Furthermore, higher magnification of Purkinje cells also calized with neurofilament-H, confirming axonal accu-
shows immunostaining of axonal and dendritic pro- mulation (data not shown). Significant accumulation of
cesses (Figure 3E). Axonal staining was not limited to KIFC2 at the proximal and distal regions of a ligated
Purkinje cells in the cerebellum since localization was nerve suggested that KIFC2 associates with the antero-
also observed in other neurons (data not shown). Stain- grade and retrograde fraction (Hirokawa et al., 1990).
ing with preimmune antisera shows that the staining is To examine whether KIFC2 may be associated
specific for KIFC2 (Figure 3F). with organelles, double-staining experiments were per-
Immunolocalization of KIFC2 to neurons and corre- formed using antibodies against KIFC2 and proteins
sponding axonal projections within the central nervous specific for various organelles transported within the
system was of particular interest. Because KIFC2 was axon. Ligated peripheral nerves were immunostained
most similar to kinesin family members required for cell with antibodies to synaptic vesicle proteins (SV2, syn-
division, we were interested in elucidating the role of aptophysin, synapsin, synaptobrevin, synaptotagmin,
KIFC2 within neurons and its possible involvement as and syntaxin 1A), mitochondria (COXIV), and another
a kinesin-related motor protein for axonal transport. kinesin-related protein KIF3C (Z. Y., and L. S. B. G.,
Therefore, immunostaining was performed to further ex- unpublished data). KIFC2 protein was detected either
amine KIFC2 distribution in regions of the peripheral by indirect immunofluorescence with anti-KIFC2 anti-
nervous system including the sciatic nerve and spinal body or using anti-KIFC2 FITC-conjugated antibody in
cord. Immunofluorescence detection of KIFC2 in cross double-labeling experiments. The results from many of
sections of sciatic nerve revealed that KIFC2 was indeed these experiments show an overlapping distribution of
localized to axons as observed from overlap with anti- KIFC2 with a subset of synaptic vesicle precursor pro-
phosphorylated neurofilament-H antibody, which stains teins, which includes SV2 and synaptobrevin (Figures
axoplasm (Figures4A and 4B). KIFC2 localization occurs 5C±5F) as well as synaptophysin and synaptotagmin
homogenously throughout the axoplasm and is present (data not shown) on the proximal and distal sides of the
in all axons. In addition to axonal localization, however, ligation. The remaining synaptic vesicle proteins synap-
KIFC2 was also present in supporting Schwann cells
sin (Figures 5G and 5H) and syntaxin 1A as well as the
(Figures 4C and D). Cross sections of spinal cord show
mitochondrial COXIV protein accumulated in the same
anti-KIFC2 staining within axons in the white matter as
axons as KIFC2 but did not show the same degree of
well as cytoplasmic and nuclear localization in cell bod-
overlap with KIFC2 (data not shown). Accumulation ofies of motor and sensory neurons (Figure 4E; data not
some of these organelle proteins on the distal side of theshown). Therefore, KIFC2 immunolocalization to axons
ligation was somewhat reduced in comparison to theof both the central and peripheral nervous systems sug-
proximal side, perhaps owing to degradation or recy-gested that this novel kinesin-related protein may func-
cling at the axon terminus (Hirokawa et al., 1991). Immu-tion in axonal transport.
nofluorescent staining of the kinesin-related protein
KIF3C also showed imperfect overlap with KIFC2 stain-KIFC2 Accumulates with the Anterograde and
ing, however, accumulation of this kinesin-related motorRetrograde Component of Transported
protein occurred only in the proximal region (data notOrganelles in the Axon
shown). Previous reports showing the accumulation ofPrevious studies demonstrated that after ligation of
kinesin and other kinesin-related proteins proximal butmouse peripheral nerves, membranous organelles con-
not distal to the site of ligation suggested that theseveyed by anterograde or retrograde fast axonal trans-
proteins are motors for anterograde transport of organ-port accumulate at the proximal or distal regions of a
elles in the axon (Dahlstrom et al., 1991; Hirokawa et al.,restricted axon, respectively (Smith, 1980; Hirokawa et
1991; Kondo et al., 1994; Okada et al., 1995; Yamazaki etal., 1990, 1991). Immunofluorescence microscopy re-
al., 1995).vealed that anti-KIFC2 antibody stained regions of the
The apparent overlapping localization of KIFC2 withsciatic nerve proximal and distal to the ligation (Figures
some synaptic vesicle precursor proteins but not other5A and 5B; outermost panels). The intensity of staining
organelles or kinesin-related proteins suggested thatincreases at regions closer to the ligation in a graded
KIFC2 is associated with a subclass of membrane or-pattern, and the diameter of the axon frequently be-
ganelles within the axon. Furthermore, the localizationcomes greater near the restriction. Unligated peripheral
and accumulation of KIFC2 on the distal side of thenerves show continuous uniform staining (data not
ligation is similar to that observed for the retrogradeshown), while control preimmune antisera show only
motor protein dynein (Hirokawa et al., 1990) and is con-much fainter background staining (Figures 5A and 5B;
innermost panels). Todemonstrate that themore intense sistent with KIFC2 having a role in retrograde transport.
(E) Higher magnification of (D) localizes KIFC2 mRNA within postmitotic Purkinje neurons under bright-field microscopy (arrows). Scale bar,
25 mm.
(F) Coronal brain section in cerebrum at similar locale and magnification as (A) using control sense probe. Scale bar, 0.5 mm.
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Figure 3. Protein Localization and Distribution of KIFC2
(A) Western blot analysis of KIFC2 tissue distribution in adult mouse. Affinity-purified anti-KIFC2 antibody recognizes a 96 kDa product only
in brain; the ca. 80 kDa band appears sporadically in older protein preparations only and is likely to be a proteolytic fragment of KIFC2. Total
extract was prepared from indicated tissues, and equivalent amounts of protein were loaded in each lane.
(B) Microtubule sedimentation analysis of KIFC2. Soluble protein from total brain extract was prepared at 48C and then incubated at 378C
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Behavior of KIFC2 during Vesicle Fractionation Discussion
Although KIFC2 exhibited an apparently overlapping
distribution with several synaptic vesicle precursor pro- Our studies demonstrate that KIFC2 is most similar to
other kinesin-related proteins within the KAR3 subfamilyteins in immunofluorescence double-labeling ligation
experiments, owing to the resolution limits of light mi- and shares a similar structural organization in which
the motor domain is located at the C-terminal end ofcroscopy, there is a possibility that KIFC2 is associated
with other organelles, which accumulate at similar rates the protein. However, unlike other C-terminal kinesin-
related proteins in the KAR3 family that have reportedas these vesicles in the ligated axon. This concern led
to the investigation of whether KIFC2 biochemically frac- functions in mitosis and meiosis, KIFC2 mRNA and pro-
tein was localized to nonproliferative neuronal cells.tionates with purified vesicles from the nerve terminal.
Figure 6A shows the distribution of KIFC2 in fractions More interestingly, anti-KIFC2 antibody detected KIFC2
protein in axons of neurons in the central as well asobtained by differential centrifugation during the purifi-
cation of synaptic vesicles from the nerve terminus. peripheral nervous systems, suggesting that KIFC2
might play a role in axonal transport. Our results there-KIFC2 immunoreactivity was detected in P2, P3, LP1,
and LP2 fractions (see Experimental Procedures), along fore indicate that KIFC2 performs alternative functions
within the nervous system despite results from the phy-with several synaptic vesicle membrane proteins includ-
ing synaptophysin, synaptotagmin, and synaptobrevin. logenetic analysis which, a priori, might have predicted
a role in cell division.In addition, kinesin was also present in this vesicle-rich
LP2 fraction. The levelof KIFC2, as observed by Western To date, two classes of microtubule-associated ATP-
ases have been identified in the nervous system, kinesinblot, is significantly reduced in the supernatants (cyto-
plasmic pools) of partially purified synaptosomes (Fig- and cytoplasmic dynein (Vallee and Shpetner, 1990;
Brady, 1995). It has been proposed that kinesin, a plusure 6A, lane S3) and synaptic vesicle±enriched fractions
(Figure 6A, lane LS2), indicating that the majority of end-directed motor protein, moves toward the axon ter-
minus in the anterograde direction (Vale et al., 1985b;KIFC2 is vesicle-associated throughout this purification.
To control for microsomal membrane contamination, we Porter et al., 1987), while the minus end-directed motor
protein dynein is a retrograde transporter (Paschal andexamined these fractions for the presence of endoplas-
mic reticulum membrane using antibody specific for the Vallee, 1987). Ligation of peripheral nerves in vivo allows
segregation of the anterograde and retrograde compo-membrane protein ribophorin. Reactivity was observed
in the homogenate, P2, S3, and P3 fractions but not nent of proteins and organelles involved in fast axonal
transport. Immunolocalization of kinesin indeed showedin the LP1 or vesicle-enriched LP2 fractions (data not
shown). preferential accumulation on the proximal side of the
ligation (Hirokawa et al., 1991), while cytoplasmic dyneinThis vesicle-rich LP2 fraction containing KIFC2 was
further fractionated by isopycnic sucrose density cen- was observed proximal and distal to the ligation (Hiro-
kawa et al., 1990). The likely interpretation of these re-trifugation (SDG) ranging from 50 mM sucrose (Figure
6B, lane 1) to 1.6 M sucrose (Figure 6B, lane 15). Frac- sults is that kinesin is transporting its cargo along micro-
tubules toward the axon terminus, thus accounting fortions containing KIFC2 were recovered in a broad peak
(fractions 5±11) and show good overlap with the synaptic the accumulation of kinesin on the proximal side of the
ligation. Presumably, kinesin is being degraded at thevesicle membrane proteins synaptotagmin and synap-
tobrevin. Although synaptophysin also localized within axon terminus. In contrast, cytoplasmic dynein may be
transported to the nerve terminus in an inactive formthese same fractions, the peak recovery of this mem-
brane protein is skewed toward less dense sucrose frac- before being activated for retrograde transport. This hy-
pothesis would account for both the anterograde andtions. Similarly, fractions containing kinesin were slightly
shifted relative to KIFC2. retrograde accumulation of dynein. More recently, sev-
eral new kinesin-related proteins from mouse brain haveControlled-pore glass column chromatography has
been used to resolve the heterogeneous microsomal been implicated in anterograde transport of various or-
ganelles (e.g., Kondo et al., 1994; Nangaku et al., 1994;vesicle fraction from synaptic vesicles (Huttner et al.,
1983). Pooled sucrose density gradient fractions con- Sekine et al., 1994; Okada et al., 1995; Yamazaki et al.,
1995).taining KIFC2 were therefore applied to a controlled-
pore glass column to further enrich for vesicles. Western Kinesin-related proteins that contain the motor do-
main at the C-terminus have been reported to moveanalysis of the fractions show coelution of KIFC2 with
several synaptic vesicle proteins (Figure 6C). along microtubules in a direction opposite that of
either with no addition, with GTP and Taxol to boost microtubule polymerization, or with addition of GTP, Taxol and ATP, or AMP±PNP. The
final six lanes show an extraction and recentrifugation of the microtubule pellet with 0.5 M NaCl, 10 mM ATP, or 0.5 M NaCl and 10 mM ATP.
For each condition: S, supernatant, and P, pellet. KIFC2 was detected by Western blot analysis.
(C±F) Immunohistochemical localization of KIFC2 in adult brain.
(C) Transverse sections of cerebrum show KIFC2 localization in cortical (Cx) and hippocampal (CA1, CA2, and CA3) neurons. Anti-KIFC2
antibody was detected by horseradish peroxidase-coupled secondary antibody. Scale bar, 0.5 mm.
(D) In the cerebellum, KIFC2 immunoreactivity is evident within the granular layers (Gr), moleular layers (Mo), and Purkinje cells (Pu). Scale
bar, 0.5 mm.
(E) At higher magnification, reactivity is observed within the neuronal cell bodies and processes of Purkinje neurons (arrows). Scale bar, 25 mm.
(F) A transverse section similar to (C) showed no reactivity using control preimmune serum. Scale bar, 0.5 mm.
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Figure 4. Immunofluorescence Localization
of KIFC2 in Peripheral Nervous System
(A±D) Confocal laser microscopy reveals that
KIFC2 is localized to axons in the sciatic
nerve. Scale bars, 20 mm. Cross sections of
sciatic nerve were double labeled with anti-
KIFC2 antibody (A) and anti-phosphorylated
neurofilament-H antibody (B), which specifi-
cally localizes to the axon. KIFC2 was ex-
pressed within the axoplasm and was present
in all axons (arrows). Double-labeling immu-
nofluorescence experiments with anti-KIFC2
antibody (C) and an antibody specific for the
Schwann cell protein S100b (D) also show
overlap with the peripheral Schwann cells
that surround these axons (arrows).
(E) Spinal cord was cross sectioned and
stained with anti-KIFC2 antibody. Axons in
white matter show strong staining with anti-
KIFC2 antibody in addition to motor and sen-
sory neurons within the gray matter. Scale
bar, 100 mm.
kinesin, that is, they are minus end-directed motors (Mc- presence of a second, nonnucleotide-dependent micro-
tubule-binding region as has been seen for other kinesinDonald and Goldstein, 1990; Walker et al., 1990; Endow
et al., 1994; Kuriyama et al., 1995). Although we demon- motor proteins (e.g., McDonald and Goldstein, 1990;
McDonald et al., 1990; Barton et al., 1995). In addition,strate that native KIFC2 binds to microtubules, this bind-
ing was nucleotide independent perhaps owing to the attempts to obtain in vitro motility activity with recombi-
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Figure 5. KIFC2 Association with Anterogradely and Retrogradely Transported Organelles in the Axon
(A±B) Immunofluorescence micrographs of mouse sciatic nerve. Ligated nerve was double stained with anti-KIFC2 antibody (outermost panels)
and preimmune serum (innermost panels). The site of ligation is indicated by the arrow, and left panels are proximal to the ligation while right
panels show staining distal to the ligation. Immunofluorescent staining observed on proximal and distal sides of the ligation were photographed
under identical conditions. KIFC2 shows significant accumulation proximal and distal to the ligation. Scale bar, 75 mm.
(C±H) Ligated sciatic nerve visualized via double-staining immunofluorescence. Proximal ([C] and [E]) and distal regions ([D] and [F]) of the
ligated nerve were double stained with anti-KIFC2 antibody (outermost panels) and anti-SV2 antibody ([C] and [D], innermost panels) and
anti-synaptobrevin antibody ([E] and [F], innermost panels). Scale bar, 75 mm.
(G and H) Double staining with anti-KIFC2 antibody (outermost panels) and anti-synapsin antibody (innermost panels). SV2 and synaptobrevin
localization apparently overlapped with that of KIFC2 proximal and distal to the ligation while synapsin shows some overlap with KIFC2 but
does not precisely colocalize. The forefront of KIFC2 accumulation (arrows) is more distal than synapsin. Scale bar, 25 mm.
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Figure 6. Subcellular Fractionation of KIFC2
(A) Brain subcellular fractions obtained by differential centrifugation. Fractions obtained during the purification of nerve terminal vesicles were
analyzed by Western blot for the presence of KIFC2, kinesin, synaptophysin, synaptotagmin, and synaptobrevin. Crude synaptosomes (P3)
were lysed by osmotic shock and fractionated to yield a heavy membrane fraction (LP1) and light membrane (LP2) fraction enriched in nerve
terminal vesicles (see Experimental Procedures).
(B) Fractionation by sucrose density centrifugation. LP2 vesicle±enriched extracts were applied to sucrose density gradients ranging from 50
mM sucrose (lane 1) to 1.6 M sucrose (lane 15). Equal volumes of each fraction were evaluated by Western blot analysis for the presence of
KIFC2, kinesin, synaptophysin, synaptotagmin, and synaptobrevin.
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Experimental Proceduresnant protein were unsuccessful. While it is possible that
KIFC2 is not in fact a microtubule motor, its close se-
Cloning and Sequence Analysis of KIFC2quence relationship to other bona fide motor proteins KIFC2 was identified by PCR using degenerate oligonucleotides
leads us to favor the interpretation that KIFC2 possesses based on conserved protein sequences within the kinesin superfam-
motor activity in vivo but that suitable biochemical con- ily (Goldstein, 1993). Primers NK1 and CK1 were created from amino
acid sequences IFAYGQT and EIYN(E/D) (K/E/R), respectively. Theditions have not yet been identified to demonstrate this
nucleotide sequence for primer NK1 is AT(T/C) TT(T/C)GC(T/C/activity. However, using anti-KIFC2 antibody to stain
A)TA(T/C)GG(N)CA(A/G)AC, and primer sequence for CK1 is GA(A/ligated peripheral nerves, we observed accumulation of
G)AT(T/C)TA(T/C)AA(T/C)GA(N)(A/G/C/)(A/ G)I. Flanking BamHI and
KIFC2 protein on the proximal and distal regions of the EcoRI restriction sites on these primers allowed directional cloning
ligation. These results were similar to those observed into pBluescriptII(KS1) plasmid (Stratagene). A Balb c neonatal
mouse brain cDNA library (Strategene) was the DNA source forfor dynein and are consistent with KIFC2 also being
amplification. A 165 bp PCR-amplified fragment was used to probeinvolved in retrograde transport. Thus, although other
the same cDNA library by standard methods (Sambrook et al., 1989).possibilities exist,we suggest that an important function
The largest cDNA clone was sequenced on both strands via the
of KIFC2 may be in retrograde axonal transport, a func- Sanger dideoxy chain termination method using the Sequenase kit
tion previously unrecognized for kinesin superfamily (U.S. Biochemical Corp.). Diagonal dot matrix plot analysis was
performed with the GCG Sequence Analysis Software Packagemembers.
(Devereux et al., 1984) at a stringency of 15 and window of 30.It has recently been reported that dynein, a probable
Coiled-coil probability was calculated by the conventional algorithmmotor for retrograde transport, is also associated with
of Lupas (Lupas et al., 1991) using a window of 28 amino acids.the slow component of transport within the axon (Dill-
man et al., 1996). It is therefore possible that other retro-
grade motors may to some extent be transported with Northern Blot Analysis and In Situ Hybridization
Total RNA was prepared from murine tissues by guanidinium isothio-the slow component. However, even after performing a
cyanate extraction (Chomczynski and Sacchi, 1987), quantitated bybrief 1 hr ligation, a significant amount of KIFC2 accumu-
absorbance, and denatured. Total RNA (30 mg) was fractionated inlates at the ligation site, which is consistent with KIFC2
agarose gels containing 2.2 M formaldehyde. RNA integrity was
having a role in fast axonal transport where material has confirmed by ethidium bromide staining prior to transfer to Nylon
been shown to be transported within the axon at rates of membranes. Hybridization was performed using the full-length
several mm/s (Smith, 1980). Thus, although the possible KIFC2 cDNA clone as a probe.
Sense or antisense riboprobe was prepared by in vitro transcrip-involvement of KIFC2 in some aspect of slow or other
tion from linearized plasmid, which contains a 436 bp fragment fromtransport cannot be eliminated, it is probable that KIFC2
the 59 translated region of the KIFC2 gene (628±1064 bp). 35S-labeledis involved in the fast component of axonal transport.
sense and antisense riboprobes were hybridized to 20 mm coronal
Immunocytochemical localization of KIFC2 to neu- brain sections (Simmons et al., 1989). Thionin-stained sections were
ronal cell bodies and axons of the central and peripheral subsequently processed for liquid emulsion autoradiography and
analyzed by an Axiophot microscope under dark-field and bright-nervous systems suggested that KIFC2 has some func-
field illumination.tion in neurons. To probe the function of KIFC2 within
the axon, double-staining immunofluorescence experi-
ments were performed on ligated peripheral nerves. Al- Antibody Production
though light microscopy has limited resolution, we ob- An 870 bp fragment of KIFC2 encoding amino acids 119±409 from
the N-terminal tail domain was subcloned into pET23b (Novagen)served an overlapping distribution of KIFC2 with several
to produce a His-tagged fusion protein. Recombinant KIFC2 proteinsynaptic vesicle precursor proteins, including synapto-
was overexpressed and partially purified via interactions with Ni21physin, synaptotagmin, synaptobrevin, and SV2. In con-
agarose resin. Eluted protein was loaded on SDS±PAGE, and KIFC2
trast, the same degree of overlap was not observed protein was isolated and recovered from gel slices. Following emul-
with other synaptic vesicle precursor proteins including sification with RIBI adjuvant, 0.5 mg of protein was initially injected
synapsin and syntaxin 1A. Although we cannot rule out into two rabbits with periodic boosts of 0.25 mg purified protein.
Although cross-reaction problems were observed when antiserasubtle differences in distribution owing to the resolution
were purified against the entire antigen, affinity purification againstlimits of light microscopic methods, these results raise
GST±fusion proteins (Guan and Dixon, 1991) that included smallerthe possibility that KIFC2 may be a motor for the retro-
protein regions (designated F1, amino acids 119±217, and F2, amino
grade transport of some but not all synaptic vesicle acids 211±296) gave specific reagents from both rabbit antisera.
proteins in the axon. This possibility is consistent with Rabbit serum was affinity purified against purified F1 or F2 GST±
fusion proteins on PVDF membrane strips. Both antibody fractionsthe initial biochemical fractionation data that we ob-
(F1 or F2) from both rabbit antisera yielded identical results fortained, which suggest that KIFC2 is predominantly vesi-
immunoblotting and immunohistochemistry. However, superior de-cle-associatedand maycofractionate with synaptic ves-
tection was observed with F1-purified antisera during immunostain-
icles during purification. Further work including genetic ing, therefore results derived from F1 affinity-purified serum are
analysis will be needed to rigorously evaluate the func- presented for staining experiments while results from F2 affinity-
purified serum are shown for Western blotting experiments.tion of KIFC2.
(C) Purification of synaptic vesicles by column chromatography on controlled-pore glass. Fractions that contained KIFC2 after continuous
sucrose density centrifugation (fractions 5±11) were pooled and subjected to chromatography on glycerol-coated controlled-pore glass (pore
diameter 5 3000 AÊ ). Aliquots of each fraction were evaluated by Western blot analysis for the presence of KIFC2 and synaptic vesicle proteins
synaptotagmin and synaptophysin.
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Gel Electrophoresis and Western Blot Analysis synaptosomes and corresponding supernatant S2; P3, pellet of S2
and corresponding supernatant S3; LP1, pellet obtained after hypo-Equivalent amounts of crude tissue homogenate (100 mg/lane) or
protein from brain subcellular fractionations (70 mg/lane) were solu- tonic lysis of P2 and corresponding supernatant LS1; and LP2, vesi-
cle-enriched pellet of LS1 and corresponding supernatant LS2). Thebilized and separated by electrophoresis on standard 10% SDS±
polyacrylamide gels (Laemmli, 1970). Proteins were transferred to synaptic vesicle-rich LP2 pellet was resuspended in 40 mM sucrose
and applied to a continuous sucrose density gradient ranging fromPVDF membranes, and primary antibody (anti-KIFC2 antibody) was
added at a final dilution of z20 mg/ml. Anti-KIFC2 antibody was 0.05 M±1.6 M sucrose. Equal volumes of each fraction (fractions
1±15) were resolved by SDS±PAGE and transferred to PVDF mem-detected by chemiluminescence according to supplier recommen-
dations (ECL Kit, Amersham). brane for immunoblot analysis using KIFC2 affinity-purified antibody
and antisera directed against kinesin, synaptophysin, synaptotag-
min, and synaptobrevin. Fractions that contained KIFC2 as deter-Immunohistochemistry
mined by Western blot analysis were pooled, concentrated, andAdult mice were anesthetized and transcardially perfused with 4%
subjected to controlled-pore glass chromatography essentially asparaformaldehyde in NaPBS. The brain or spinal cord was removed,
described (Huttner et al., 1983).postfixed, and transferred to 30% sucrose for cryoprotection. Cryo-
stat sections (30 mm) were prepared for free-float immunohisto-
chemistry or 10 mm sections were processed for immunofluores- Acknowledgments
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